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Abstract 
Pollutant emissions for vehicles are a function of the amount of energy it consumes and the feedstock for that energy.  
A model was built to capture the energy and pollutant damage costs associated with using electric vehicles (EVs), 
hybrid vehicles and internal combustion engine cars in Singapore based on vehicles currently available in the 
Singapore market.  These damage costs were compared to vehicle purchase price and fuel costs.  This is part of 
broader work to compare the costs and benefits of EVs with hybrid and ICE vehicles in Singapore. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ICAEE 
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1. Introduction 
Even taking into account the emissions from power plants needed to fuel the electric vehicles (EVs), 
the use of EVs can reduce energy consumption and pollutant emissions.  Singapore provides a unique 
point of analysis as it is wholly reliant on fossil fuel to generate electricity, generating electricity from 
natural gas and fuel oil [1].  The objective of this research is to compare the energy and emissions damage 
costs of various vehicle technologies as deployed in Singapore.  A key question to answer is whether EVs 
will provide emissions benefits if charged from a grid that derives no energy from zero emission sources.  
This work will feed into analysis done as part of the Singapore EV test bed. 
All tables should be numbered with Arabic numerals. Headings should be placed above tables, left 
justified. Leave one line space between the heading and the table. Only horizontal lines should be used 
within a table, to distinguish the column headings from the body of the table, and immediately above and 
below the table. Tables must be embedded into the text and not supplied separately. Below is an example 
which authors may find useful. 
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2. Methodology 
In this model, energy and pollutant damage costs are calculated on an annual basis based on average 
driving patterns in Singapore.  Energy costs are calculated per equation (1):  
                                  (1) 
Pollutant marginal damage costs are used as a societal cost per unit mass of pollutant emitted.  Since 
pollutant damage costs for Singapore do not exist, they were developed in a manner similar to what 
Krupnick [2] developed for Manila, Philippines.  The average pollutant emission rate can be calculated 
for a vehicle based on fuel economy; this can then be extrapolated into an annual emissions rate based on 
an average vehicle annual vehicle driving ranges as in equation (2): 
                                                                                                 (2) 
Vehicle pollutant emission rates are a function of energy consumption and the properties of the fuel 
used to generate energy.  The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation 
Model created by the US Department of Energy Argonne National Laboratory was used to estimate the 
emissions rate of the various vehicles considered.  Local damages result from emissions of pollutants and 
occur at or near the site of emission.  Given the data available, the local damage costs for particulate 
matter, sulfur oxides, nitrogen oxides, volatile organic compounds, and carbon monoxide were considered.  
Conversely, global damages result from pollutant emissions but may occur anywhere worldwide.  The 
global damage costs for the greenhouse gases (GHGs) carbon dioxide, methane, and nitrous oxide were 
considered.     
The vehicles considered for analysis are summarized in Table 1.  Three pairings of vehicles were 
selected for comparison, based on size and performance.  The pairings consisted of one ICE vehicle and 
one electrified vehicle (hybrid or full electric). 
Table 1. Vehicles compared 
Car Model Technology Displacement (cc) Power (kW) OMV (SGD) 
Corolla ICE 1794 98 22,019 
Prius Hybrid 1798 113 35,505 
Camry ICE 2362 108 26,262 
Camry Hybrid Hybrid 2362 140 42,419 
Mitsubishi i ICE 659 38 13,476 
i-MiEV EV n/a 47 84,000 
Marginal damage costs are damage costs due to pollutant emissions per unit mass emitted.  Local 
pollutant damage costs for Singapore (nor anywhere in Asia) have not been developed.  Krupnick, et al 
[2], assessed marginal damage costs for Manila by extrapolating US marginal damage costs.  They arrive 
at Philippine costs by correcting US costs by the ratios of baseline death rate and per-capita GDP.  Here, 
this approach is applied to Singapore and further refined by considering the published marginal damage 
costs of a city similar to Singapore in climate and economy and correcting by population density ratio as 
local damage costs are a function of the number of people exposed to elevated levels of pollutants.  Wang, 
Santini, and Warinner [3]  tabulate marginal damage costs for PM10 (particulates smaller than ten 
micrometers), sulfur oxides (SOx), nitrogen oxides (NOx), and volatile organic compounds (VOC, can 
react with NOx to form ground-level ozone Houston, TX (HOU, similar to Singapore [SG] in climate and 
economy).  Marginal damage costs were found for PM2.5 (particulates smaller than 2.5 micrometers), 
and carbon monoxide (CO) in Vancouver, Canada [4].  The formula for calculating the final marginal 
damage costs for Singapore based on other cities’ marginal damage costs is shown in equation (3).   
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Even though the electrified vehicles (including the hybrids) offer fuel savings compared to their petrol 
variants, these need to be compared to their higher upfront purchase price.  This is done in Table 2.  No 
electrified vehicle achieves fuel cost savings equivalent to the price mark-up relative to its comparable 
ICE vehicle within the ten year maximum ownership period allowed in Singapore.  The EV (i-MiEV) has 
the largest mark-up compared to its petrol variant and the fuel cost savings do not justify the price 
difference in a meaningful amount of time since the vehicle is not likely to last for 58 years. 
Table 2. Upfront price vs. fuel cost savings (2000 USD) 
Vehicle Electrified-ICE price 
difference 
ICE - electrified annual 
fuel savings 
Years to make up price 
difference 
Corolla/Prius 7,304.04 597.78 13 
Camry/Camry Hybrid 8,750.66 375.15 24 
Mitsubishi i/i-MiEV 38,195.94 663.55 58 
The i-MiEV has the lowest W2W emissions of PM10, PM2.5, NOx, VOC, and GHG per kilometer 
driven of any of the vehicles considered.  Conversely, the i-MiEV has the highest emissions of SOx of any 
of the vehicles.  These SOx emissions occur solely at the powerplants generating electricity to charge the 
vehicles, as 20% of Singapore’s electricity fuel portfolio is supplied by residual fuel oil on average [1].  
For all vehicles, the vast majority of SOx emissions result from energy consumed upstream of vehicle 
operation as petrol has very little sulfur content compared to the fuel oil used to generate electricity.  The 
results are tabulated in  REF _Ref304990272 \h  \* MERGEFORMAT Table 3.   
Table 3. W2W emissions per driven km 
W2W Corolla Prius Camry Camry Hybrid Mitsubishi i i-MiEV unit 
PM10 25 14 28 21 16 9 mg/km 
PM2.5 16 9 17 13 10 5 mg/km 
SOx 72 42 80 61 46 168 mg/km 
NOx 189 110 211 161 122 107 mg/km 
VOC 155 90 173 133 100 11 mg/km 
CO 1911 1108 2131 1630 1231 38 mg/km 
GHG 239 139 267 204 154 90 g/km 
As a result of lower energy usage, the vehicles with some degree of powertrain electrification have 
lower emissions than their petrol variants at all phases of the fuel cycle with the exception mentioned 
earlier.  For petrol vehicles, tailpipe emissions are proportionate to fuel consumption.  The i-MiEV will 
have no tailpipe emissions of any pollutant resulting from vehicle operation; emissions result only from 
electricity generation. 
Based on the marginal damage costs of emissions and the emissions rate from vehicle energy usage, 
annual pollutant damage costs can be developed for the vehicles considered in this analysis.  The vehicle 
with the highest pollutant damage cost is the conventional Camry, and the i-MiEV has the lowest 
pollutant damage cost.  The hybrid electric vehicles have lower damage costs than their comparable petrol 
variants; pollutant emissions are lower as a result of lower levels of fuel consumption. Table 4 illustrates 
that petrol vehicles have higher damage costs than their electrified variants.  Also, the damage costs of the 
petrol vehicles (including hybrids) is somewhat lower than their energy costs (Figure 2), but the EV has 
damage costs that are greater than its energy costs. 
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Table 4. Annual pollutant damage costs (year 2000 USD) 
Vehicle Corolla Prius Camry Camry 
Hybrid
Mitsubishi 
i
i-MiEV
Damage cost (constant USD/year) 2105 1221 2348 1795 1356 998 
The breakdown of the W2W pollutant damage costs by pollutant is illustrated in Figure 3 .  PM2.5 and 
nitrogen oxide emissions comprise the largest proportion of the damage costs for all vehicles.  Sulfur 
oxide damage costs comprise a large portion of the i-MiEV’s overall damage costs and higher in 
absolute terms for this EV than the vehicles with an ICE due to the use of residual fuel oil in 
generating electricity in Singapore.  In general, GHG costs comprise a small portion of pollutant 
damage costs. 
            
    
Figure 3 - Annual damage cost by pollutant (year 2000 USD) 
If the damage cost savings are considered with the fuel cost savings relative to the price mark-up, 
Table 5 illustrates that the price premium for the hybrid vehicles can be made up within the ten year 
ownership period prescribed in Singapore.  The EV still requires a period longer than allowable to make 
up the price premium.    
Table 5. Damage costs savings vs upfront price 
Vehicle ICE - electrified 
annual fuel costs 
ICE - electrified annual 
damage costs 
Years to make up price 
difference 
Corolla/Prius 597.78  884.03  5 
Camry/Camry Hybrid 375.15  552.40  10 
Mitsubishi i/i-MiEV 663.55  358.46  38 
4. Conclusions 
Under identical driving patterns, the vehicles with electrified powertrains (hybrid or fully electric) 
offer greater energy efficiency, lower energy costs, and lower emissions than comparable conventional 
ICE vehicles.  As pollutant emissions are commensurate with fuel consumption, greater efficiency 
corresponds to lower emissions and associated damage costs.  Despite being charged by an electric grid 
fueled by fossil fuels, driving the EV results in the lowest energy and damage costs.  As more EVs enter 
the market and more data becomes available, this analysis may be refined.  Electric vehicles in Singapore 
do have the potential to reduce pollutant emissions and limit the cost of their resulting damages.   
This work is part of broader analysis to compare the costs and benefits of EVs, hybrids and ICE 
vehicles in Singapore.  Although energy costs are borne by the owner of the vehicle, pollutant damage 
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costs are borne by the greater society.  The goal of the broader analysis is to compare the consumer’s 
costs with societal costs for the various vehicle technologies over a vehicle’s ownership period; this 
present work will feed into both costs.   
The results of this analysis pertain to Singapore, but the analysis can be modified for other areas by 
updating the basic cost model local costs and incentives.  In addition to purchase price, energy costs, and 
emissions, vehicle purchasers consider performance, size, aesthetics, and numerous other subjective 
qualities of a vehicle that are not considered in this analysis.  Thus, it is not practical to compare an i-
MiEV with a Toyota Camry.  However, for every hybrid or EV, a comparable petrol vehicle was included; 
three pairs of vehicles were considered for comparison.   
Also, this analysis only compares fuel and damage cost savings with upfront purchase prices.  In 
Singapore, vehicle owners must pay other taxes and fees, some of which are pegged to the purchase price 
of the car.  Thus, hybrids and EVs have a larger price premium.  Since electrified vehicles have not been 
in use for very long, it is not clear how other ownership and operational costs for electrified vehicles 
compare with those of ICE vehicles.  
Finally, energy prices are volatile and it is difficult to forecast them over time.  In this analysis, they 
have been treated as static.  Also, marginal damage costs specific to Singapore do not exist.  As data 
surrounding the consequences of pollution become more available, this analysis can be refined. 
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